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Abstract 
Modified 9Cr1Mo (P91) having ferritic/martensitic structure is a candidate material for 
thermal powerplant industry due to its enhanced creep resistance. Fusion welding of P91 
steel nurtures heat affected zone (HAZ) which gives rise to infamous type IV failure/cracking. 
The origination of type IV cracking still remains ambiguous mainly due to sampling 
constraints from P91 - HAZ subzones owing to thin width of HAZ. In present work, this issue 
is investigated with the help of small punch impression creep technique. Thermo – 
mechanical simulator Gleeble®-3800 is used to physically simulate HAZ subzones of P91 
steel representing HAZ – CG, HAZ – FG and HAZ – IC. Impression creep tests done on 
parent metal P91 and its simulated HAZ subzones at a stress level of 270 MPa and 600℃ 
reveal HAZ – IC as the weakest subzone followed by HAZ – FG. Coarsening of chromium 
rich carbides on prior austenite grain boundaries (PAGBs) associated with blended phase 
transformations in HAZ – IC render it as the most degraded HAZ subzone in P91 steel thus 
becoming an initiating location for type IV cracking. Furthermore, presence of relatively fine 
carbides combined with less inter-lath spacing in P91 steel and its HAZ – CG contribute 
towards retarding creep rate leading to an increase in heterogeneous creep behaviour among 
HAZ subzones and parent metal. 
  
Keywords: P91 steel, HAZ simulation, Microstructure, Impression creep, Inter – critically 
heat affected zone. 
 
INTRODUCTION 
P91 is a backbone material for thermal 
powerplant construction and has received 
utmost attention from researchers owing to 
its unique characteristics to sustain in 
harsh thermo-mechanical conditions. 
Fusion welding happens to be an 
unavoidable joining technique 
for fabrication of high pressure piping of 
P91 steel in new ultra super-critical (USC) 
thermal powerplants construction. The 
typical applications on implementation of 
high heat input welding processes in 
fabricating coal fired boilers are headers, 
pipe longitudinal and circumferential seam 
joints by submerged arc welding (SAW), 
tube to header socket joints by gas 
tungsten arc welding (GTAW) 
etc. (Viswanathan et al., 2007; Abson and 
Rothwell, 2013). One of the most 
important aspects for 9Cr steels designed 
and being developed for thermal 
powerplants is long term creep strength 
which is affected significantly after fusion 
welding (Francis et al., 2006; Schlacher et 
al., 2015). Microstructure as obtained after 
fusion welding across the weld transition 
joint varies accordingly to rate of heating, 
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apex temperature (Ta), hold time at Ta and 
degree of cooling (Easterling, 2013). 
Therefore, based on these parameters, 
distinguished microstructural changes and 
phase transformations take place 
particularly in HAZ which ultimately 
affects the creep properties of the 
transition joint (Akhtar et al., 2018). 
Microstructure evolved across the 9Cr 
welded joint is shown in Fig. 1 which 
consists of weld fusion zone or solidified 
weld, solid – liquid transition zone, HAZ 
and unaffected base/parent metal. HAZ is 
further classified into subzones based on 
Ta received during weld thermal cycle and 
morphology of prior austenite grains 
(PAG) formed at each zone i.e. first zone 
from fusion line having coarse grains and 
Ta >> Ac3 (HAZ- CG), second zone having 
fine grains and Ta > Ac3 (HAZ - FG) and 
third zone having mixed grains and Ac1 > 
Ta > Ac3 (HAZ - IC) where Ac1, Ac3 are 
critical phase transformation temperatures. 
Some of the experiences on failures 
encountered due to these microstructural 
alterations at outer HAZ of 9Cr creep 
resistant steels have been well 
reported (Masuyama et al., 2004; Brett, 
2005). Depending upon the location of 
crack initiation and crack ending, failures 
or cracking in weldments have been 
divided into four categories by Schuller et 
al., 1974 as shown in Fig. 2. 
 
 
Fig: 1. Microstructural evolution in the weldments of 9Cr steels (Cerjak and Mayr, 2008) 
 
If a crack initiates and ends in the weld 
metal, it is type I cracking, crack initiating 
in the weld metal and ending at inner HAZ 
falls in type II cracking, crack initiation 
and ending in HAZ – CG is type III 
cracking, crack initiating and ending at 
outer HAZ is type IV cracking. Previous 
studies have reported that 9Cr weldments 
are prone to type IV cracking phenomenon 
which originates primarily due to 
formation of fine grains and soft grains at 
HAZ – FG and HAZ – IC respectively 
(Wang et al., 2016; Wang et al., 2018; 
Wang and Li, 2016). To suppress type IV 
cracking, studies have recommended the 
implementation of low heat input electron 
beam and laser welding processes which 
generate narrow HAZ widths (Divya et al., 
2014; Sakthivel et al., 2016). 
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Fig: 2. Types of cracking or failures in welded joints (Schuller et al., 1974) 
 
Yet, joining thick section pressure piping 
in powerplants seems difficult by these 
welding processes and the issue of type IV 
cracking persists. The origination of type 
IV cracking still remains ambiguous 
mainly due to sampling constraints from 
9Cr HAZ subzones owing to thin width of 
HAZ. Conventional tensile creep tests 
require hundreds of hours of testing in 
comparison to an impression creep test 
which takes small amount of material and 
time for screening creep properties. 
Samples used for tensile creep testing are 
either drawn from cross weldments or 
thermally simulated representing each 
HAZ subzone which reveals an average 
creep property of full welded joint or 
individual HAZ subzone. To probe the 
creep behaviour of different zones of 
weldments, use of small punch indentation 
techniques have been suggested (Das et 
al., 2012). Impression creep which 
employs constant compressive load on a 
small specimen with a small punch or 
indenter has been developed for fast 
screening of creep properties as shown 
schematically in Fig. 3(a) and Fig. 3(b). 
This technique has been widely used by 
researchers to characterize creep behaviour 
of variety of engineering materials like 
composites, magnesium alloys, ceramics, 
glasses, creep resistant steels etc (Yang 
and Li, 2013; Khajuria et al., 2018; Gibbs 
et al., 1985; Gupta and Daniel, 2018; 
Kabirian and Mahmudi, 2009; Kashefi and 
Mahmudi, 2012). 
  
 
  
Fig:  3. (a) Schematic showing type of loading arrangement during impression creep testing 
(b)Expanded view of interface between flat bottom intender and creep specimen 
 
Present work introduces a methodology by 
implementation of small punch technique 
i.e. impression creep for probing the creep 
behaviour of HAZ subzones when they are 
subjected to elevated temperatures. The 
purpose of present investigation is to 
determine HAZ subzone in P91 steel 
weldments being most susceptible to type 
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IV phenomenon from impression creep 
technique. 
EXPERIMENTAL PROCEDURE 
Material 
Modified 9Cr1Mo (P91) steel as received 
in normalized and tempered (N&T) state at 
1050℃/30mins and 760℃/2hrs 
respectively was investigated in this work. 
Elemental composition by weight percent 
of major and micro-alloying elements as 
recorded from direct reading spectrograph 
(DRS) chemical analysis technique of P91 
steel is shown in Table 1. 
   
 
Table: 1. Elemental composition of P91 steel (in weight percent) 
Element C Cr Mo Si Mn V Nb Ni N B Fe 
P91 0.11 9.44 0.71 0.21 0.3 0.2 0.05 0.223 0.06 0.0022 Bal. 
 
HAZ simulation 
To produce HAZ subzones of P91 steel, 
samples of dimensions 78 mm × 11 mm × 
11 mm were physically/thermally 
simulated in a Gleeble® Thermo – 
mechanical simulator 3800 as shown in 
Fig. 4. Physical simulation in Gleeble® – 
3800 offers many modules for obtaining 
simulated microstructures. However, for 
present work two modules i.e. continuous 
heating transformation (CHT) module for 
dilation studies and HAZ simulation 
module for generating similar 
microstructures of HAZ subzones as 
obtained during real welding practices 
based on defined heat input were 
employed. For phase transformable steels 
like P91, apex temperature at a particular 
heating rate in each HAZ subzone during 
physical simulation is decided based on 
Ac1 and Ac3 temperatures which are 
recorded from dilation experiments of the 
steel being examined.  Standard round 
dumbbell shaped P91 steel specimen as 
per ASTM- 1033 was machined for this 
purpose as shown in Fig. 5. It has been 
reported that there is no effect on prior 
austenite grain (PAG) growth kinetics 
when heating rate exceeds 100℃/sec 
(Banerjee et al., 2011). Also, critical 
cooling rate for P91 steel is 0.2 °C/sec 
which means that martensite is the single 
phase which nucleates on cooling from an 
apex temperature (Hongo et al., 2012).
 
 
Fig: 4. Gleeble® – 3800 Thermo mechanical simulator for physical HAZ simulation 
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Fig: 5. P91 steel sample as per ASTM 1033 for dilation experiment 
 
Therefore all simulations on the Thermo – 
mechanical simulator in the current 
investigation were carried at a heating rate 
and cooling rate of 100℃/sec and 10℃/sec 
respectively. The Ac1 and Ac3 were found 
to be 885℃ and 965℃ respectively with a 
selected apex temperature (Ta) of 1100℃ 
for P91 steel. Based on these temperatures, 
Ta was kept 1240℃, 1020℃, 910℃ with a 
hold at Ta of 3sec, 4sec, 8sec for HAZ – 
CG, HAZ – FG, HAZ – IC respectively. 
Gleeble® - 3800 simulated HAZ – IC 
sample is shown in Fig. 6. The heat input 
during simulations was kept at ~1.1kJ/mm, 
which corresponded to SAW process 
(Akhtar et al., 2018). This value was 
determined by using real-time data 
acquisition system during SAW to 
fabricate 12mm butt joint.  Equation-1 
illustrates the exponential cooling profile. 
T = TP ×                                             (1) 
Where, Ta- apex temperature (℃), t- time 
interval (sec) and ∆t- cooling range from 
800℃ to 500℃ (sec) or cooling rate 
(℃/sec).
 
 
Fig:  6. Gleeble® - 3800 simulated HAZ – IC sample of dimensions 78mm×11mm×11mm 
 
After simulation, 20mm hot /thermally 
treated region of the sample was taken out 
by wire – cut EDM leaving arms A and B 
which are jawed sections during Gleeble® 
simulation. Further, the hot region was 
divided into two pieces for microscopy 
and impression creep. A simulated furnace 
based post weld heat treatment (PWHT) 
for 760℃/3hrs was given to one piece 
before creep testing. Heating cycles as 
followed from initial heat treatments in the 
form of normalizing and tempering, HAZ 
simulation and PWHT have been 
summarized in the form a schematic as 
shown in Fig. 7.  
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Fig: 7. Summary of heating cycles followed for P91 - HAZ simulation and PWHT 
 
Impression creep testing and microscopy 
Creep tests were done on a Spranktronics 
impression creep testing machine as shown 
in Fig. 8. The nature of loading during an 
impression creep test is compressive, 
which makes conversion of corresponding 
uniaxial stress obligatory. To equalize 
these stress states for impression creep 
tests, a correlation factor of 3.33 is used 
(Vijayanand et al., 2014).  An identical 
stress level of 270 MPa (Equation-2) 
equivalent to 80 MPa at 600℃ was kept 
for all specimens. 
σimpression = 
  
  
                                         (2) 
 
Where W = compressive load applied and 
D = diameter of tungsten carbide indenter. 
An indenter of 1.5mm diameter was 
selected to ensure sufficient deformation to 
achieve minimum creep rate (MCR, s-1). 
Creep tests were carried out inside a 
vacuum chamber maintained at a pressure 
of ~10
-6
 mbar throughout the duration of 
test to protect the specimen from 
oxidation. 
 
Samples for optical microscopy were 
prepared by paper and cloth polishing 
metallographic techniques. Pre-etching 
was done with 30%Nital (solution of 30 ml 
HNO3 + 70 ml C2H5OH). To reveal 
internal features inside PAGBs, pre-etched 
samples were further etched with Villela’s 
reagent (10 ml HCl + 2 grams picric acid + 
90 ml C2H5OH). To examine the evolution 
of precipitates in as received steel and 
HAZ samples, scanning electron 
microscopy (SEM) examination was 
carried out on Nova NanoSEM – 430. 
Samples for SEM analysis were prepared 
by standard metallographic polishing 
methods. 
 
 
Fig: 8. Impression creep testing machine 
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RESULTS AND DISCUSSION 
Microstructural observations from light 
microscopy 
Microstructure in N & T state appears to 
be heterogeneous with non – uniform 
distribution of carbides and irregular 
shaped PAGs as shown in Fig. 9(a). Since 
comparatively long heating cycle in the 
form of tempering at 760℃/3hrs followed 
by normalizing induces carbon diffusion 
from martensitic matrix into the formation 
carbides, the microstructure obtained is 
now referred as tempered martensite. 
Tempering is done to increase the 
ductility, toughness and weldability of 
martensite. Following fundamental 
equation defines this phase transformation 
after martensite (Callister, and Rethwisch, 
2000). 
Martensite (BCT, single phase)                  
tempered martensite (α + Fe3C)           (3) 
 
However for 9Cr steels, chromium rich 
M23C6 (M = Cr, Fe, Mo, V) and M2X (M = 
Cr, X = Fe, Mo) are most stable after 
tempering at 760℃/3hrs, therefore 
equation 3 for P91 steel is modified to 
equation 4 (Vijayalakshmi et al., 1999) 
Martensite (BCT, single phase)   
tempered martensite (α + M23C6 + M2X)                                
(4) 
Heyn’ linear intercept method was 
employed to estimate the size of PAGs for 
all cases. Average PAG size for as 
received P91 steel in N&T state resides to 
18µm. 
With a Ta of 1240℃ and short hold time at 
Ta of 3 seconds for HAZ – CG, PAGs 
grow in size to 36µm in as simulated state 
as apparent in photomicrograph in Fig. 
9(b). 
 
 
 
 
  
Fig: 9. Photomicrographs of parent metal and its simulated subzones of HAZ (a) P91 – N&T 
(b) HAZ – CG (c) HAZ – FG (d) HAZ - IC 
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Reason for such homogenous growth is 
dissolution of alloy carbides into the 
matrix solid solution present on PAGs in 
parent metal P91 at an elevated 
temperature (Ta >> Ac3). The dissolution 
reduces the net pinning force from alloy 
carbides present on PAGBs and therefore 
they exist in small fraction inside PAGs of 
HAZ – CG. However, Ta (1020℃) for 
HAZ – FG (Ta > Ac3) happens to be 
relatively smaller than HAZ – CG which 
does not provide sufficient energy for 
PAG growth which resides to 13 µm 
leading to the formation of fine equiaxed 
grain structure as observed in Fig. 9(c). 
The intermediate Ta which falls in the 
austenization range of P91 steel results in 
an average PAG size of 26 µm and 
blended martensitic transformation in the 
form of partially transformed martensite 
i.e. new PAGs, tempering of parent metal 
martensite resulting in carbide coarsening 
which is clearly evident inside PAGs. New 
PAGs are retrained to grow due to low Ta. 
It infers that a mixed microstructure 
obtained after such phase transformation 
should exhibit poor creep resistance due to 
partial martensitic recovery leading to 
excessive heterogeneity. 
 
  
 
 
Fig: 10. Photomicrographs of simulated subzones of HAZ subjected to a PWHT of 
760℃/3hrs (a) HAZ – CG (b) HAZ – FG (c) HAZ - IC 
 
To relieve internal stresses responsible for 
hot cracking throughout the P91 transition 
joint being induced after welding; a 
PWHT is performed before the weldment 
is put into service (Pandey et al., 2016; 
Pandey et al., 2017). This PWHT results in 
significant microstructural changes 
throughout the transition joint. Fig. 10 
shows the photomicrographs being 
subjected to a furnace PWHT of 
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760℃/3hrs to Gleeble® simulated HAZ 
subzones of P91 steel. It is apparent from 
Fig. 10(a), Fig. 10(b) and Fig. 10(c), 
secondary carbide precipitation dispersed 
in martensitic phase takes place for HAZ – 
CG, HAZ – FG and HAZ – IC respectively 
resulting in fresh martensite to tempered 
martensite transformation. Selected 
temperature of PWHT is close to Ac1, 
which triggers carbon diffusion from the 
solid solution into carbide particle growth 
which is noticeable for all HAZ samples. 
 
Microstructural observations from 
electron microscopy 
P91 steel derives creep strength from 
matrix hardening, particle hardening, 
dislocation hardening and substructure 
hardening (Holzer, 2010). To analyse the 
evolution of precipitates, dislocation 
movement and substructure, high 
magnification microscopy like SEM and 
TEM for creep resistant 9Cr steels 
becomes mandatory. Fig. 11(a) and Fig. 
11(b) show SEM micrographs of parent 
metal P91 in N&T state.  
 
  
 
Fig: 11. SEM micrographs and spot EDS of grain boundary carbide of parent metal P91 
 
Long and thin martensitic laths with less 
inter-lath spacing and fine carbides as 
marked in Fig. 11(a) in a circle inside 
martensitic blocks are observed in the 
parent metal. PAGBs are decorated with 
continuous array of carbides which are 
principally responsible for blocking 
dislocation movement across PAGBs thus 
  
 
 
56 Page 47-61 © MAT Journals 2018. All Rights Reserved 
 
Journal of Mechanical and Mechanics Engineering  
e-ISSN: 2581-3722 
Volume 4 Issue 3  
retarding grain boundary sliding during 
creep loading. Fig. 11(b) depicts the 
distribution of alloy carbides present on 
PAGBs and lath boundaries. Spot EDS on 
an alloy carbide as shown in Fig. 11(c) on 
PAGB confirms it as chromium rich 
M23C6 carbide which are chiefly 
responsible for grain boundary pinning. 
These type of carbides as reported for 9Cr 
steels exist on PAGBs, lath boundaries 
assist in hindering grain boundary sliding 
phenomenon during creep exposure and 
therefore play a vital role in enhancing the 
creep resistance during long term service 
in thermal powerplants (Maruyama et al., 
2001).  HAZ – CG being subjected to a 
PWHT of 760℃/3hrs as shown in Fig. 
12(a) evolves with short and coarse 
martensite laths with relatively fine 
carbides inside PAGBs. Coarse carbides 
appear at certain locations near to PAGBs 
but their occurrence is limited in 
comparison to parent metal P91.  
 
  
 
Fig: 12. SEM micrographs of simulated P91 - HAZs subjected to a PWHT of 760℃/3hrs  (a) 
HAZ – CG (b) HAZ – FG (c) Spot EDS of grain boundary carbide of HAZ - FG 
 
Effect of partial transformation is clearly 
visible in Fig. 12(b) where carbide 
coarsening is dominant on PAGBs in HAZ 
– FG. Nevertheless fine carbides exist 
inside PAGs of HAZ – FG. A spot EDS of 
PAGB carbide in HAZ – FG confirmed it 
as chromium rich M23C6 carbide as shown 
in Fig. 12(c). Moreover, chromium weight 
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percent increases in M23C6 carbides in 
HAZ – FG in comparison to parent metal 
P91. This is due to self diffusion 
phenomenon of iron and chromium which 
increase the chromium fraction in M23C6 
carbides (Kim et al., 2002; Hu et al., 2006; 
Godec et al., 2016). M23C6 carbide growth 
on PAGBs increases inter-carbide distance 
in HAZ – FG as regards to parent metal 
state which further decreases grain 
boundary strengthening and allows easy 
dislocation movement across them during 
creep exposure. Therefore fine PAGs 
combined with grain boundary carbide 
growth contribute towards evolution of 
relatively deteriorate the microstructure at 
HAZ – FG. 
             
  
 
Fig: 13.  SEM micrographs and spot EDS of carbide present on lath boundary of simulated 
HAZ - IC being subjected to a PWHT of 760℃/3hrs 
 
Fig. 13(a) show HAZ – IC being subjected 
to a PWHT of 760℃/3hrs where coarse 
carbides are observed on lath boundaries 
too in addition to PAGBs in comparison to 
HAZ – FG. A spot EDS (Fig. 13c) on lath 
boundary carbide as shown in Fig. 13(b) in 
HAZ – IC confirms it as chromium rich 
M23C6 carbide. Existence of coarse 
carbides on PAGBs and lath boundaries 
affects the martensite phase boundary area 
which gets increased in HAZ – IC of P91 
steel. While relatively fine carbides on 
PAGBs of parent metal P91 and P91 – 
HAZ – CG decrease the phase boundary 
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area per unit volume. Fine carbides have 
been reported to act as strong barriers to 
movement of dislocations across PAGBs 
in 9Cr steels during plastic deformation 
(Holzer, 2010). Availability of low Ta (Ac1 
> Ta > Ac3) at HAZ – IC in P91 steel 
retards M23C6 dissolution at lath 
boundaries, PAGBs which act as 
nucleation sites for further evolution of 
carbides and growth of existing alloy 
M23C6 carbides.    
 
Creep behaviour of parent metal and 
simulated HAZ subzones of P91 steel 
P91 steel contains ferritic/martensitic 
phase and has been particularly developed 
for providing enhanced creep resistance. 
To rationalize the creep behaviour of 
transition joints in P91 weldments where 
undesirable HAZ leads to the origination 
of type IV cracking, impression creep tests 
on parent metal P91 in N&T state and its 
simulated HAZ subzones were conducted. 
During an impression creep test, a 
cylindrical flat bottom indenter punches 
the creep sample with a fixed load. The 
flat surface of indenter ensures constant 
stress throughout the duration of the creep 
test and therefore creep response of the 
sample being punched is dependent on 
diameter of indenter, temperature, stress 
and microstructure. Depth of impression 
(DOI) versus time plots as shown in Fig. 
14(a) corresponds to impression creep tests 
on parent metal P91, P91 - HAZ – CG, 
P91 - HAZ – FG, P91 - HAZ – IC  
performed at 270 MPa and 600℃ for 20 
hours duration.  
 
  
Fig: 14. Impression creep curves of parent metal P91 and its simulated HAZ subzones being 
subjected to a PWHT at 270 MPa and 600 ℃ (a) Depth of impression versus time (b) Creep 
rate versus time 
 
DOI is differentiated with respect to time 
(t) (Equation - 5) to evaluate impression 
velocity (Vimpression, mm/sec). Finally, 
obtained value of Vimpression is divided by 
diameter of indenter (D) to determine 
creep rate (CR, s
-1
) as per Equation 6.  
vimp = 
  
  
                                                (5)        
Creep rate = 
           
 
                       (6)                                                
Fig. 14(b) show creep rate versus time 
curves for parent metal P91 and its 
simulated HAZ subzones being subjected 
to a PWHT at 270 MPa and 600℃. 
Compressive nature of loading in an 
impression creep test gives only two stages 
of a typical creep curve i.e. primary creep 
stage and secondary creep stage. The 
arrival of secondary creep stage during this 
test is considered as true steady secondary 
creep state. Creep rate during true steady 
state represents minimum creep rate 
(MCR). It is evident from DOI versus time 
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curves that HAZ – CG is most resistant 
and HAZ – IC is weakest HAZ subzone to 
a punching stress of 270MPa at 600℃. 
Similar trend is shown by creep rate versus 
time curves where HAZ – IC exhibits the 
highest value of MCR after HAZ – FG. 
The primary creep stage which exhibits 
strain hardening due to inherent resistance 
of metal to deform during initiation of an 
impression creep test is large for HAZ – 
CG and parent metal P91 whereas HAZ – 
IC takes comparatively very less time to 
enter into steady state secondary creep 
stage. This confirms poor creep resistance 
of HAZ – IC in P91 steel having minimum 
duration of time during primary creep 
stage. In creep resistant steels like P91, 
creep is dislocation controlled (Evans and 
Wilshire, 1985). For delaying the 
martensitic recovery, large fractions of 
fine carbides dispersed in matrix phase and 
on grain boundaries should be present 
which impede generation of vacancies or 
micro voids during creep loading. 
However, carbide coarsening combined 
with blended phase transformations in 
HAZ – IC render it as the most creep 
affected HAZ subzone in P91 steel thus 
becoming an initiating location for type IV 
cracking. Moreover, existence of coarse 
carbides inside and on PAGBs fails to 
retard dislocation motion resulting in early 
martensitic recovery which further assists 
in easy grain boundary sliding. 
Consequently HAZ – IC in P91 steel 
exhibits maximum creep rate which 
possibly become a reason for nucleation of 
small creep cavities in carbide rich zones 
on PAGBs and block boundaries as 
speculated in previous studies (Wang et 
al., 2018). Therefore induced 
heterogeneous creep behaviour as revealed 
by impression creep testing on parent 
metal P91 and its simulated HAZ subzones 
result in strain localization at the weakest 
subzone HAZ – IC which happens to be 
most prone to type IV failure in P91 fusion 
welded joints.  
 
CONCLUSIONS 
Based on microstructural investigations 
carried out with the help of light 
microscopy, electron microscopy and 
small punch impression creep tests at 270 
MPa and 600℃ on parent metal P91 in 
N&T state and its simulated HAZ 
subzones being subjected to a PWHT of 
760℃/3hrs, the study has drawn following 
outcomes: 
1. Coarsening and refinement of alloy 
carbides in solid solution of P91 parent 
metal martensitic matrix is influenced 
due to distinguished apex temperatures 
and hold times which affect grain 
growth phenomenon and therefore 
have a decisive effect on creep 
properties in HAZ subzones of P91 
steel. 
2. HAZ – CG exhibits a maximum creep 
resistance due to the presence of 
relatively fine carbides and coarse 
martensitic laths which retard creep 
rate while HAZ – FG and HAZ – IC 
show poor creep resistance to a same 
punching stress and impression creep 
testing temperature primarily due to 
carbide coarsening.  
3. Occurrence of mixed grain structure in 
the form of new PAGs, tempered 
martensite and coarse carbides on 
PAGBs, lath boundaries of HAZ – IC 
increase the martensite phase boundary 
area thus contributing towards 
accelerated creep rate. However, 
presence of relatively fine carbides in 
parent metal P91 and HAZ – CG on 
PAGBs decrease phase boundary area 
which strengthens grain boundaries for 
these cases and subsequently result in 
minimum creep rate.  
4. Heterogeneous creep behaviour among 
parent metal of P91 steel and HAZ 
subzones give increase strain 
concentration at the weakest zone HAZ 
– IC which ultimately becomes an 
originating location for type IV 
cracking in P91 weldments. 
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